Introduction
============

Burns are a common form of traumatic injury and are associated with high mortality and morbidity rates ([@B01],[@B02]). Resulting from endothelial barrier dysfunction and increased vascular hyperpermeability, blister and edema are considered to be classical signs in burn injury ([@B03],[@B04]). Microvascular hyperpermeability leads to shifts and losses of fluid from the circulation, and hypovolemia can occur after large burns if massive volume resuscitation is absent. Although adequate fluid resuscitation can improve the hypovolemia, it can also markedly aggravate the edema process if vascular hyperpermeability persists. Therefore, reversing vascular hyperpermeability plays a key role in protecting cells from burn injury.

Some recent studies have suggested that the intrinsic apoptotic signaling cascade is involved in endothelial dysfunction, which is closely associated with vascular hyperpermeability ([@B05],[@B06]). In the intrinsic apoptotic pathway, activated mitochondria release cytochrome C and second mitochondrial-derived activator of caspases (smac), and finally caspase-3 is activated ([@B07]). These mitochondrial factors are regulated by proapoptotic and antiapoptotic Bcl-2 family proteins, such as Bax/Bak and Bcl-2/Bcl-xL. In endothelial cells, caspase-3 can cleave β-catenin resulting in the dissociation of the vascular endothelial (VE)-cadherin-β-catenin complex ([@B08]), which could induce microvascular hyperpermeability ([@B09]).

Propofol (2,6-diisopropylphenol) is a widely used short-acting intravenous anesthetic, and has shown some anti-oxidative and anti-inflammatory effects ([@B10]-[@B12]). Furthermore, propofol also has an inhibitory effect on apoptotic signaling through regulating mitochondrial permeability transition pore (mPTP) opening, which is a crucial component of intrinsic apoptotic signal transduction and caspase-3 activation ([@B13],[@B14]). In the present study, we demonstrated that propofol could restore burn serum-induced endothelial hyperpermeability via regulating the intrinsic apoptotic signaling cascade.

Material and Methods
====================

Animal model and serum collection
---------------------------------

The procedures used in this study and the handling of study animals followed the National Institutes of Health Guidelines on the use of experimental animals. The experimental protocol was approved by the Committee on Research Animal Use of Guangdong Provincial People\'s Hospital. Male Sprague-Dawley rats (n=24) weighing 180-220 g were purchased from the Experimental Animal Center of Guangdong Province and allowed to acclimatize for 1 week before experiments. Animals had *ad libitum* access to chow and water. All the rats were intramuscularly anesthetized using 30 mg/kg sodium pentobarbital (Shanghai Chemical Plant Co., Ltd., China). Thermal injury was inflicted with a modified Walker and Mason burn model ([@B15]). Briefly, a dorsal area equal to 25% total body surface area (TBSA) was shaved. The rats were placed in a housing with an adjustable opening that exposed the shaved area to 100°C water for 30 s. According to the Parkland burn formula, Ringer\'s lactate solution (4 mL·kg^-1^·%TBSA^-1^) was constantly infused through a jugular vein cannula to mimic clinical conditions of fluid resuscitation. The rats in a sham treatment group were exposed to water at room temperature for 30 s. Three hours later, blood samples were collected and centrifuged at 1200 *g* for 10 min to harvest the sera, which were then diluted four-fold with phosphate-buffered saline (PBS) and used immediately.

Monolayer permeability
----------------------

Rat lung microvascular endothelial cells (RLMVECs, ScienCell, USA) were cultured in DMEM/F12 containing 10% fetal bovine serum at 37°C in a humidified atmosphere with 5% CO~2~ for 48 h to form a confluent monolayer. In a preliminary, time-dependent experiment, monolayers were exposed to serum collected from both the sham treatment and burn groups at 1, 2, or 3 h postsham/burn. Subsequently, the 3-h postburn serum was used in the following experiments. To determine the effect of propofol on monolayer hyperpermeability, monolayer cells were pretreated with 1, 10, or 50 μM propofol for 1 h before exposure to sham or burn serum. Intralipid (Shanghai Chemical Plant Co., Ltd.) was selected as the vehicle. Endothelial permeability was measured 2 h after stimulation.

Transendothelial electrical resistance
--------------------------------------

The transendothelial electrical resistance (TER) of RLMVEC monolayers was determined with an STX2 electrode and epithelial volt-ohm meter (EVOM2) according to the manufacturer\'s instructions (World Precision Instruments, USA) ([@B16]). RLMVECs were seeded at a density of 1×10^5^ cells/cm^2^ on fibronectin-coated, 6.5 mm Transwell filters (0.4 mm pore size) and cultured until reaching full confluency. Resistance values of multiple Transwell inserts were measured sequentially in each experimental group and the mean is reported as Ω cm^2^ after subtracting the value of a blank cell-free filter.

Measurement of cytosolic cytochrome C
-------------------------------------

Cytosolic cytochrome C content was assayed with a cytochrome C ELISA kit (MBL, USA) ([@B17]). RLMVECs were pretreated with intralipid or 10 μM propofol and exposed to sham or burn serum. After treatment, cells were lysed in the cold preparation buffer included in the ELISA kit. Cell homogenates were centrifuged (10,000 *g* for 60 min at 4°C) and the supernatant was collected. Protein concentration was assayed by the bicinchoninic acid assay (BCA). The samples were then treated with a conjugate reagent, and transferred to a cytochrome C antibody-coated microwell plate and incubated for 60 min at room temperature. Next, the plate was washed and treated with a substrate reagent and incubated for 30 min, followed by the addition of stop solution. The absorbance was read at 450 nm with an automatic microplate reader (Spectra Max, M5; Molecular Devices, USA). Serial dilutions of a cytochrome C calibrator were assayed along with the samples to establish a standard curve, which was used to calculate the concentration of cytochrome C.

Measurement of smac
-------------------

Cytosol fractions were collected as described above for cytosolic cytochrome C measurement. Smac expression was measured by immunoblotting. An equal amount of protein solution from various treatments was loaded and analyzed by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis, proteins were transferred onto polyvinylidene fluoride membranes and blotted with primary antibodies against smac (Abcam, UK) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Tianjin Sungene Biotech Co., Ltd., China). Membranes were then incubated with horseradish peroxidase-tagged secondary antibody (Earth, USA), and signals were developed by an enhanced chemiluminescence reagent.

Measurement of caspase-3 activity
---------------------------------

RLMVECs were pretreated with intralipid or 10 μM propofol and exposed to sham or burn serum. Caspase-3 activity was assayed with a caspase-3 activity assay kit (Sigma, USA). The cell homogenates were centrifuged at 10,000 *g* for 60 min, and the supernatant was collected for caspase-3 assay. Then, the caspase-3 activity was measured using the caspase-3/CPP32 fluorometric assay kit (Sigma, USA) following the manufacturer\'s instructions.

Detection of Bcl-2 and Bax expression
-------------------------------------

RLMVECs were pretreated with intralipid or 10 μM propofol and exposed to sham or burn serum. Cells were then homogenized and analyzed for Bcl-2 and Bax by Western blotting as described above.

Measurement of mitochondrial membrane potential
-----------------------------------------------

Mitochondrial membrane potential (Δψ~m~) was assayed by staining with the potential-sensitive fluorescent dye JC-1 (Sigma) and detected by flow cytometry ([@B18]). JC-1 (5 μmol/L) was loaded on RLMVECs for 15 min at 37°C. The stained cells were washed with PBS, and analyzed by flow cytometry (Becton Dickinson FACScan, USA). A minimum of 10,000 cells per sample was analyzed. JC-1 monomers emit at 527 nm and "J-aggregates" emit at 590 nm. The percentage of cells with abnormally low ΔΨm (green fluorescence) was determined.

Measurement of cellular ATP
---------------------------

Intracellular ATP was assayed with a luciferase-based assay kit (CellTiter-Glo, Promega, USA) ([@B18]). Cells were seeded and treated on a standard opaque-walled 96-well plate. CellTiter-Glo reagent was added to the wells and allowed to react with cell lysate for 10 min at room temperature. The luminescence was recorded with an automatic microplate reader (SpectraMax M5; Molecular Devices)

Measurement of ROS levels
-------------------------

Intracellular reactive oxygen species (ROS) levels were assessed with a dichlorodihydrofluorescein diacetate (DCFH-DA) probe (Sigma) ([@B19]). Cells were treated with DCFH-DA (10 μM), followed by the stimulation with sham/burn serum for 20 min at 37°C. After incubation, the cells were washed and analyzed using an automatic microplate reader (Spectra Max, M5; Molecular Devices). The relative intensity of DCF fluorescence was measured at a wavelength of 535 nm and compared with the sham treatment group.

Statistical analysis
--------------------

All data are reported as means±SD. Differences between groups were analyzed by one-way analysis of variance (ANOVA) with the least significant difference (LSD) multiple-comparison test and Student\'s *t*-test, when appropriate. P\<0.05 was considered to be significant.

Results
=======

Propofol attenuated burn serum-induced monolayer hyperpermeability
------------------------------------------------------------------

RLMEVC monolayer hyperpermeability was measured by detecting the TER of cell monolayers. As shown in [Figure 1](#f01){ref-type="fig"}, a significant increase of monolayer permeability was observed in RLMECs treated with serum at all the time points postsham/burn (P\<0.05 or P\<0.01). Serum from sham-burn rats did not induce RLMVEC monolayer hyperpermeability (P\>0.05). The increase in monolayer hyperpermeability induced by burn serum stimulation was significantly attenuated by 10 and 50 μM (P\<0.01), but not by 1 μM (P\>0.05) propofol pretreatment ([Figure 2](#f02){ref-type="fig"}).

![Effect of burn injury on rat lung microvascular endothelial cells (RLMVEC) monolayer permeability. TERs (normalized transendothelial electrical resistance) are shown for each group. RLMVEC monolayers were treated with serum from sham or burn rats 1, 2 or 3 h post-burn. Monolayer permeability increased significantly at each time point in the burn serum-treated cells compared with the sham serum-treated cells. Data are reported as means±SD (n=5 in each group). \*P\<0.05, \*\*P\<0.01, compared to the sham group (one-way ANOVA).](1414-431X-bjmbr-48-05-00401-gf001){#f01}

![Effect of propofol on burn serum-induced monolayer hyperpermeability. Burn serum significantly increased monolayer permeability compared with sham serum-treated cells. Monolayer permeability was reflected by transendothelial electrical resistance (TER). Compared with burn serum-treated cells, propofol (10 and 50 μM) pretreatment maintained permeability at near-sham levels. Data are reported as means±SD (n=5 in each group). \*\*P\<0.01, compared to the sham group; ^\#\#^P\<0.01 compared to the vehicle group (one-way ANOVA).](1414-431X-bjmbr-48-05-00401-gf002){#f02}

Propofol inhibited burn serum-induced cytochrome C release
----------------------------------------------------------

The cytosolic cytochrome C level in the sham group was 21.4±6.3 ng/mg protein, and reached 75.3±11.6 ng/mg protein in the vehicle group (P\<0.01). The increase of cytosolic cytochrome C induced by burn serum was significantly reduced to 41.5±9.1 ng/mg protein by 10 μM propofol pretreatment (P\<0.05; [Figure 3](#f03){ref-type="fig"}). These results revealed that propofol attenuated the burn serum-induced release of cytochrome C from mitochondria to cytosol.

![Effect of propofol on burn serum-induced cytochrome C release. Burn serum induced translocation of cytochrome C from mitochondria into the cytosol. Propofol pretreatment significantly inhibited this translocation. Data are reported as means±SD (n=5 in each group). \*\*P\<0.01, compared to the sham group; ^\#\#^P\<0.01 compared to the vehicle group (one-way ANOVA).](1414-431X-bjmbr-48-05-00401-gf003){#f03}

Propofol inhibited burn serum-induced smac release
--------------------------------------------------

Release of smac from mitochondria into the cytosol normally occurs after the opening of mPTPs. As shown in [Figure 4](#f04){ref-type="fig"}, compared with the sham group, smac content in the vehicle group was significantly increased (395.3±51.6% of the normal values in the sham group, P\<0.01). This increase was significantly inhibited by 10 μM propofol pretreatment (228.7±30.5% of normal values in the sham group; P\<0.01). These data indicated that 10 μM propofol inhibited burn serum-induced release of smac from mitochondria into the cytosol.

![Effect of propofol on burn serum-induced second mitochondrial-derived activator of caspases (smac) release. Compared with the sham group, smac cytosolic content increased after burn serum exposure. Propofol pretreatment led to decreased smac content compared with burn serum-exposed cells. Data are reported as means±SD (n=5 in each group). \*\*P\<0.01, compared to the sham group; ^\#\#^P\<0.01 compared to the vehicle group (one-way ANOVA).](1414-431X-bjmbr-48-05-00401-gf004){#f04}

Propofol inhibited caspase-3 activity induced by burn serum
-----------------------------------------------------------

Activation of caspases plays a central role in the process of apoptosis. Caspase-3 activity in cells exposed to burn serum was significantly higher than in cells exposed to serum from the sham treatment group (198±21.8% of normal values in the sham group, P\<0.01). This increase was inhibited by 10 μM propofol treatment (128±19.9% of normal values in the sham group, P\<0.05), suggesting that propofol could inhibit the burn serum-induced caspase-3 activation ([Figure 5](#f05){ref-type="fig"}).

![Effect of propofol on burn serum-induced caspase-3 activation. Compared with sham cells, burn serum significantly increased caspase-3 activity. Propofol treatment inhibited the burn serum-induced increase in caspase-3 activity. Data are reported as means±SD (n=5 in each group). \*\*P\<0.01, compared to the sham group; ^\#\#^P\<0.01 compared to the vehicle group (one-way ANOVA).](1414-431X-bjmbr-48-05-00401-gf001){#f05}

Propofol promoted burn serum-induced Bax upregulation and Bcl-2 downregulation
------------------------------------------------------------------------------

In the vehicle group, Bax and Bcl-2 expression were 279±33.3 and 51±9.9, respectively (P\<0.01). In propofol-treated cells, Bax expression decreased to 174±29.1 (P\<0.05), and Bcl-2 expression increased to 82±13.7 (P\<0.01). These results revealed that propofol promoted burn-induced Bax upregulation and Bcl-2 downregulation ([Figure 6](#f06){ref-type="fig"}).

![Effect of propofol on burn serum-induced Bax up-regulation and Bcl-2 down-regulation. Compared with the sham group, burn serum exposure led to the upregulation of Bax and downregulation of Bcl-2. Propofol (10 μM) pretreatment significantly improved burn serum-induced Bax upregulation and Bcl-2 downregulation. Data are reported as means±SD (n=3 in each group). \*P\<0.05, \*\*P\<0.01, compared to the sham group; ^\#^P\<0.05, ^\#\#^P\<0.01 compared to the vehicle group (one-way ANOVA).](1414-431X-bjmbr-48-05-00401-gf006){#f06}

Propofol inhibited burn serum-induced loss of Δψ~m~
---------------------------------------------------

RLMEVC Δψ~m~ was determined by flow cytometry, using the potential-sensitive fluorescent dye JC-1. As shown in [Figure 7](#f07){ref-type="fig"}, compared with the sham group, burn serum stimulation effectively increased mitochondrial membrane potential from 14.6±6.9 to 63.5±10.3% (P\<0.01). However, the effect induced by burn serum was partially inhibited by 10 μM propofol pretreatment (P\<0.01), indicating the protective role of propofol against mitochondrial depolarization in burn serum-treated RLMVECs.

![Effect of propofol on burn serum-induced loss of mitochondrial membrane potential (Δψ~m~). Cells with depolarized mitochondria were significantly increased in the vehicle group compared with the sham group. Propofol pretreatment reduced the cells with depolarized mitochondria. RLMVECs: rat lung microvascular endothelial cells. Data are reported as means±SD (n=5 in each group). \*\*P\<0.01, compared to the sham group; ^\#\#^P\<0.01 compared to the vehicle group (one-way ANOVA).](1414-431X-bjmbr-48-05-00401-gf007){#f07}

Propofol alleviated burn serum-induced mitochondrial dysfunction
----------------------------------------------------------------

Intracellular ATP levels were used to assess mitochondrial dysfunction. In the vehicle group, the intracellular ATP level was 56.0±6.4% of that observed in the sham group (P\<0.01), indicating mitochondrial dysfunction in RLMVECs after exposure to burn serum. Pretreating cells with 10 μM propofol increased the ATP level to 81.4±10.3% of that of the sham group (P\<0.01, compared with the burn group), revealing that propofol improved burn serum-induced mitochondrial dysfunction ([Figure 8](#f08){ref-type="fig"}).

![Effect of propofol on burn serum-induced mitochondrial dysfunction. Data are reported as % of sham values. The intracellular ATP level of cells was significantly decreased in the vehicle group compared with sham cells. Propofol pretreatment significantly increased the intracellular ATP content. Data are reported as means±SD (n=5 in each group). \*\*P\<0.01, compared to the sham group; ^\#\#^P\<0.01 compared to the vehicle group (one-way ANOVA).](1414-431X-bjmbr-48-05-00401-gf008){#f08}

Propofol reduced burn serum-induced ROS production
--------------------------------------------------

As shown in [Figure 9](#f09){ref-type="fig"}, 10 μM propofol pretreatment decreased the ROS levels from 279.5±44.8% of normal values in the vehicle group to 185.8±32.0%. This result suggested that propofol had a significant anti-oxidative effect on burn injury.

![Effect of propofol on burn serum-induced reactive oxygen species (ROS) increase. Data are reported as % of sham values. Burn serum exposure significantly increased ROS level compared with the sham group. Propofol pretreatment inhibited the burn serum-induced increase of ROS. DCF: dichlorodihydrofluorescein diacetate. Data are reported as means±SD (n=5 in each group). \*\*P\<0.01, compared to the sham group; ^\#\#^P\<0.01 compared to the vehicle group (one-way ANOVA).](1414-431X-bjmbr-48-05-00401-gf009){#f09}

Discussion
==========

In the present study, we investigated whether propofol could attenuate burn serum-induced endothelial hyperpermeability by inhibiting the activation of intrinsic apoptotic signaling. Burn serum-induced monolayer hyperpermeability was measured in RLMVECs that were exposed to burn serum collected from rats at 1, 2 or 3 h post-sham/burn for 120 min. Subsequent measurement of TER demonstrated that any of these collected sera could significantly increase monolayer permeability. Serum collected from 3-h postburn rats was used to study the effect of propofol on burn-induced hyperpermeability. In a concentration-dependent experiment, RLMVECs were pretreated with 1, 10 and 50 μM of propofol before applying the burn serum stimulus. We found that burn serum-induced endothelial hyperpermeability was inhibited by pretreatment with 10 or 50 μM propofol. These results demonstrated that propofol significantly alleviated burn serum-induced monolayer hyperpermeability.

Some studies have reported that the intrinsic apoptotic signaling cascade is involved in endothelial dysfunction, which may result in vascular hyperpermeability ([@B05],[@B20]). Mitochondria activation causes the opening of mPTPs. Subsequently, cytochrome C, apoptosis-inducing factor, and smac are released into the cytosol, and finally caspases are activated ([@B21],[@B22]). Caspase-3 is a key executioner enzyme in apoptosis signal pathways and is activated by apoptosis signaling. Its activation induces the cleavage of a variety of cell adherens proteins, including β-catenin ([@B23]). β-Catenin acts as a regulator in cadherin-mediated cell-cell adhesion that connects the intracellular domain of VE-cadherin to α-catenin, and its cleavage results in disruption of cell-cell adhesion and hyperpermeability ([@B24]). In our study, burn serum induced an increase of caspase-3 activity and the release of cytochrome C and smac into the cytsolic fraction. These alterations were partially alleviated by propofol pretreatment, indicating that propofol inhibited burn serum-induced activation mediated by the intrinsic apoptotic pathway *in vitro*.

The Bcl family, consisting of anti-apoptotic (Bcl-2, Bcl-xL) and proapoptotic (BAK, BAX) factors, is highly correlated with apoptosis ([@B25]). The pro-apoptotic members of this family trigger the release of mitochondrial apoptogenic factors into the cytoplasm by regulating mPTP opening. The anti-apoptotic members play opposing roles to prevent apoptosis. Our data suggest that burn serum induces BAX upregulation and Bcl-2 downregulation, both of which can be rescued by propofol treatment. mPTP opening is crucial to apoptotic signaling activation and is responsible for the release of cytochrome C and smac ([@B26]). When mPTP opening is induced, the inner mitochondrial membrane potential (Δψ~m~) dissipates, leading to the loss of mitochondrial functions (e.g., inhibition of energy production and protein translocation into the organelle) ([@B27]). In this study, low Δψ~m~ and decreased intracellular ATP were seen in the cells treated with burn serum, which were restored by propofol, indicating that propofol inhibited burn serum-induced mitochondrial dysfunction.

Oxidative stress can induce the translocation of smac and cytochrome C into the cytoplasm through mPTPs ([@B28],[@B29]); mPTPs are major targets of ROS, which promote opening ([@B30]). In this study, ROS were measured because they reflect the effects of burn serum-induced oxidative stress. ROS levels increased in the cells exposed to burn serum, and decreased after propofol treatment. Our results showed that propofol inhibited intrinsic apoptotic signaling through regulating oxidative stress.

In this study, we demonstrated that endothelial hyperpermeability induced by burn serum can be effectively restored by propofol treatment. Propofol may act through the intrinsic apoptotic signaling pathway and mediate burn-induced hyperpermeability through mitochondrial membrane depolarization, mitochondrial dysfunction, mitochondrial release of cytochrome C, and activation of caspase 3. Propofol could have positive therapeutic effects through its extensive intervention in this pathway. These observations suggest that propofol holds great promise in preclinical and clinical settings to interfere with vascular hyperpermeability caused by burns.
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